This paper presents a passive polarimetry method using a wavefront division optical device in order to measure the temperature distribution at the weld pool surface. We studied thermal emission from a hot liquid metal at a nearinfrared wavelength corresponding to a blind spectral window of the helium plasma generated during Gas Tungsten Arc Welding (GTAW) process. The refractive index of liquid metal and the surface radiance are deduced from the state of polarization from thermal emission. Thanks to the knowledge of both characteristics, the temperature distribution can be calculated.
Introduction
Vision-based methods aim at providing insights on the state of the weld pool surface hidden by the bright dazzling radiations of the welding arc. The welding arc plasma emits radiations at specific spectral lines [1] , the wavelengths of which are mainly determined by the shielding gas composition and the atoms evaporated during interaction between arc plasma and molten pool. A camera is fitted with a bandpass filter centered on a wavelength located in the blind spectral window of the arc plasma emissions. Observing the weld pool at this specific wavelength reduces the interference from the arc and facilitates the observation of the weld pool area behind the arc plasma [2] . While thermal emission intensity is known to be linked to the temperature of the emitting surface, the inter-dependence of the surface geometry and the observing setup is usually neglected. However, the emissivity of thermal radiation from an object depends upon both the angle of emission relative to the surface [5] and the surface temperature [6] . Body thermal emissions are linearly polarized parallel to the plane of incidence for larger objects [7] .
In the present work, the local surface orientation is deduced from the polarimetric analysis of the near-infrared radiations emitted by a weld pool composed of liquid steel. The local refractive index is then estimated and the local temperature is calculated. A description of the method used to recover thermal information of the free surface of weld pool is given in [8] . Four initial postulates are proposed to determine the temperature distribution: 1) the weld pool edge is at the liquidus temperature; 2) the emissivity of liquid iron at θ =0° is assumed wavelength-independent in the 650-810 nm range, which enables to use values at 650 nm Erreur ! Source du renvoi introuvable.: ε(θ =0°,λ=810nm)=ε( θ =0°,λ=650nm)=0.37;
3) the weld pool radiance is related to the blackbody radiance at the same temperature by the StephanBoltzmann law.
4) the liquid metal emissivity is independent of its temperature for the temperature range investigated.
Thermal radiation polarimetric analysis
In opposite to some works in the close field [10] , [11] and [12] , thermal radiations are body emissions that can be partially linearly polarized in the far field [13] , [14] , [15] , [16] and [17] but to a degree of linear polarization usually less than for surface reflection [18] . The degree of linear polarisation depends upon the zenithal angle of the emitted radiation due to a variation in emissivity for different polarized directions [19] . The polarization of the infrared body emission is modified with the surface roughness [20] or when surmounting the material with sub-wavelength periodic gratings [21] , [22] , [23] , [24] and [25] .
On the contrary to the polarization upon reflection, body thermal emissions are linearly polarized parallel to the plane of incidence for larger objects [26] . The polarization direction changes to perpendicular to the plane of incidence for small object sizes, the critical size of which is of the same order of magnitude than the light wavelength at which state the Fresnel terms derived under the assumption that electromagnetic radiation is reflected from a planar phase boundary of infinite extent are no more valid. The degree of linear polarization, called , of thermal radiation is a monotonically increasing function of the zenithal angle, called , leading to a non-ambiguous relationship, . This property was used to disambiguate the zenithal angle of the reflected light [5] . Thus, the polarized characteristics of the thermal signature contain geometrical information of the emitting surface.
The polarimetric analysis of the emitted radiations from the weld pool free surface is determined following the method described in [8] . Three (S0, S1, S2) out of the four unknown Stokes parameters of the thermal radiations are determined by interpolating the equation for each corresponding pixel in each sub-image of a linear polarizer at an angle 
As thermal emissions are partially linearly polarized parallel to the plane of incidence, the azimuthal angle  is related to  by :
where sgn() is the signum function. The degree of linear polarization is determined by:
The total emissivity  of thermal emissions is the mean value of the emissivities //  and   of thermal emissions with a polarization direction parallel and perpendicular to the plane of incidence, respectively. These emissivities are given by [27] : where n and k are respectively real and imaginary parts of the complex refractive index. The emergence angle  is then inferred using the bijective relation :
Once the emissivity of a radiated point calculated, its temperature T is calculated based upon a calibrated relationship between the measured intensity S0 and the radiance of a blackbody at a known temperature. The relationship of the radiance of the weld pool surface L with the temperature T is given by Planck's law :
where  is wavelength, h is Planck's constant, kB is Boltzmann's constant, and c is speed of light. Hence the polarimetric state of radiated light permits both the thermal field and topography reconstruction. The complex refractive index of the liquid weld pool is assumed temperature-independent from the melting to the boiling temperatures, from 1811 to 3134 K, that is the range of temperatures expected in the weld pool and approximated as the iron one. Among the possible (n,k) combinations verifying Eq. (6), the refractive index m = n -ik = 8 -2.3i gives a weld pool edge temperature closest to the assumed liquidus (1811 K) ( Fig. 1) and will be used for the temperature field reconstruction.
Experimental
We have implemented our approach by using a monospectral near-infrared polarimeter associated to a stationary GTAW process. It was performed at 120 A, DCEN (Direct Current Electrode Negative), with 4 mm-arc gap on a 200x200x20 mm 3 steel block using helium shielding gas. The weld pool is observed with a Phantom V9.1 camera at a grazing angle of 23° through a 810 nm narrow bandpass filter during welding (Fig. 2-(a) ). As the weld pool temperature ranges from the liquidus (1773 K) to the boiling point (3073 K), Wien's law estimate the peak intensities of thermal radiation for wavelengths from 943 nm (3073K) to 1635 nm (1773K). Nevertheless, the 810 nm wavelength was chosen for observation because of the low absolute quantum efficiency (<0.1) above 810 nm of the camera and the blind spectral window at 810 nm of helium plasma. Fitted on the Phantom V9.1 camera, a wavefront division polarimetric system [9] (Multispec-Imager) equipped with four Polarcor linear polarizers 05P109AR.16 from Newport makes, simultaneously, all polarization measurements for every pixel of the dynamic scene ( Fig. 2-(b) ). The Multispec-Imager system captures different polarization states of an object at one single instant, thus suitable for observing dynamic scenes. The simultaneous four-imaging system avoids the need of mechanically-rotating polarization filters ahead of an intensity CMOS or CCD-sensor camera to acquire image components at different polarization orientations. Hence there is no more time lag between rotation steps and no shift in perspective projection of the scene onto the image plane (optical distortion) [28] . In this configuration with linear polarizing filters, the Multispec Imager is a partial Stokes polarimeter that evaluates only three (S0, S1, S2) out of the four Stokes parameters. Low intensity current was preferred to reduce background radiance of arc plasma [29] . Steel was chosen for its relatively high temperature of melting (1773 K) and consequently intense thermal radiations (Planck's law). Lens diaphragm to f/2.8, corresponding to an approximate aperture diameter of 8.93 mm, and exposure time to 300 µs are setup.
Calibration of the system was required to quantitatively analyze the emission. The relative grey-level attenuation coefficients of each light path (coefficients of 0.75, 1.00, 1.33, and 0.86 for sub-image at 0, 35, 90, and 155 degrees, respectively) were evaluated by acquiring an image without polarized filters and applied on the corresponding polarized sub-image. The object radiance L (W•sr -1 •m -2
•nm -1 ), calculated with Planck's law, was associated to the Stokes parameter S0 by filming a heated blackbody made in ceramic LaCrO3 from 473 to 1923 K inside a pyrometer calibration furnace Pyrox PY15 (Fig.3) . The blackbody diameter is 15mm. Images of the blackbody were acquired using the camera equipped of the polarized filters and the 810 nm-bandpass filter. The exposure time and diaphragm were adjusted in similarity to the adjustments during welding observation. The parameter S0 of the Stokes parameters was calculated for each acquired image and associated to a temperature ( Fig.3-(b) ). Considering an emissivity of 1 independent of the direction of thermal emission, the luminance of the body was estimated from its temperature using the Planck's law (Fig.3-(a) ). A mean value of S0 was calculated for a 51x51 pixels region. A linear best-fitting of the data points gives the relationship (8) :
The variation of S0 in this region was within 2% with a standard deviation below 0.7 %. The axis of the polarization filters relative to each other was determined using a white computer flat screen and pivoting the camera around its axis, which was perpendicular to the screen, see 
Thermal Field Reconstruction
Infrared weld pool radiance is composed of external environment reflection, tungsten tip glints, blackbody emission from wave facets (thermally emitted radiance), and blackbody emission from the surrounding atmosphere. The dominant radiance intensity of the weld pool and tungsten tip allows us to neglect the environment contribution. The tungsten tip glint, located on a very small zone, contributes by reflection to the polarized information but will be treated as a strong emitted light point to simplify this approach. The blackbody emission from the weld pool facets is the signal we are interested in. The blackbody emission from the surrounding atmosphere is neglected as the helium plasma does not emit significantly in the selected spectral wavelength.
Multiple reflections, in which the light reaches the detector after two or more reflections from the weld pool surface, and shadowing, in which one facet blocks the view of the facet behind it, are not accounted for. These effects become important for large capillary waves traveling along the phase boundary of the liquid metal, whose dynamics are dominated by the effects of surface tension often referred to as ripples, and for grazing camera viewpoints. GTA weld pool is performed with welding parameters generating a "calm" surface, in particular by using a constant welding current. If selecting a too-grazing path, multiple scattering and shadowing are expected to dominate single-scattering events. Hence the camera viewpoint is selected as much vertical as possible so that the tungsten tip does not physically hide parts of the weld pool. In Fig. 5 , calculated images for three (S0, S1, S2) out of the Stokes parameter are shown. The weld pool and the tungsten tip edges are easily identified. Some ghost-effect at the tungsten tip is believed to arise from internal reflection of the light and the intense emission of the tungsten tip at these camera adjustments. The blurring of the tungsten tip was a consequence of the adjustments suited for the weld pool that was emitted thermal radiations with lower intensity. Tungsten tip at high temperatures emits more light and peak is closer to 810nm according to Wien's law. It is proven by the present images that the weld pool and tungsten tip are glowing objects emitting energy in the 810 nm wavelength during GTAW. In Fig. 6 , , degree of linear polarization and, , angle of polarization are calculated from three (S0, S1, S2) out of the Stokes parameters. Then, surface local orientation is determined using, , zenithal angle and azimuthal angle.  and  are calculated using eqs. (3) and (6). (a) (b)

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The brightest zone in Fig. 7-(a) , at a temperature estimated above 2367 K in (b), is due to oxide aggregate floating at weld pool surface. The hot spot stays at the weld pool center for convex welds but wanders along the weld pool edge for concave welds. Oxide aggregate is formed, progressively, during welding performance by accumulation of smaller oxide particles. Most of them formed at the solid edge of the weld pool that is at high temperature and are brought into the weld pool by the expansion (i.e. increasing diameter) of it. The heating spot is observed to stick to the oxide island preferentially. The oxides move under the complex action of the Marangoni flow, shielding gas flow, and arc pressure. The bright lines emerging from this hot spot ( figure 2 (a) ) are visible in the reconstructed thermal field ( Figure  2(b) ) and may be hot liquid flowing away from this zone due to Marangoni convection phenomenon.
Conclusions
The polarimetry of thermal radiations permits a dense reconstruction of the thermal field occurring on weld pool surfaces. Nevertheless, sources of errors must be identified prior to technological developments. Among those likely error sources are the background emission of arc plasma (see our recent work in [30] ), the floating oxides emitting at different emissivities and temperatures, and the weld pool movement during image acquisition. A more universal observation window must be found in the infrared region. The technological innovations should be extendable to other welding processes, i.e. MIG, Plasma, Laser and even other applications. The thermal field visualization will inform on the surface Marangoni flows. The shape and thermal field of MIG droplets could be determined. An innovative process may follow to control assembling processes and to perform non-contact dimensional control. It may be included to quality control of industrial systems.
The polarization state of the infrared radiations at wavelengths within a blind spectral window of the usuallybright arc plasma enables the access to geometric information of the pool. This method has been used for 3D sensing of weld pool free surface [8] . The weld pool concavity informs, for example, about the lack (concave) or excess (convex) of filler metal. As further works, it could be interesting to estimate error made when weld pool free surface temperature are measured without taking into account the local orientation of the emitting surface.
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